Candida albicans is a dimorphic opportunistic pathogenic yeast that is commonly isolated from different anatomical sites and clinical samples. It possesses several virulence factors, including secretion of hydrolytic enzymes, the ability to adhere to abiotic surfaces and cells, and the ability to penetrate tissues. We determined the level of in vitro expression of virulence factors by South African clinical C. albicans strains and the correlation among them. Furthermore, we determined whether there is a correlation between the levels of virulence factors expressed by a strain and the anatomical site from which it was isolated. The overall virulence of strains expressing different levels of these virulence factors in vitro was examined using a chorioallantoic membrane (CAM) chicken embryo model of infection, with variations observed in the production of hydrolytic enzymes. Most strains were able to produce in vitro high levels of protease and phospholipase and medium levels of lipase. Using the quantitative agar invasion assay, most strains were found to be highly invasive. No relationships of virulence factors produced in vitro were observed, except for a weak negative correlation between protease activity and invasiveness, as well as protease activity and cell surface hydrophobicity. There was no indication that the in vitro differences in virulence factors were correlated with virulence in the CAM model. However, we found that the infection model is sensitive enough to distinguish different virulence levels of strains.
Introduction
Candida albicans is a dimorphic yeast that lives as a commensal on various mucosal surfaces in different anatomical sites of most individuals [1] . However, it is capable of transition to a pathogenic state at its former commensal mucosal sites and can be transmitted to other tissues via the blood stream. Several factors contribute to the conversion of this organism from harmless commensal to pathogen, including the status of the host's immune system, as well as putative virulence factors of the yeast that enables it to cause infections and penetrate host tissues [1, 2] . These virulence factors include the ability to adhere to surfaces; secrete hydrolytic enzymes such as proteases, phospholipases, and lipases; and penetrate tissues. Cell surface hydrophobicity plays an important role in the ability of C. albicans to adhere to different surfaces (a prerequisite to biofilm formation) [3] . The capability of C. albicans strains to penetrate host tissue may be dependent on their capacity to secrete hydrolytic enzymes. Although proteases could facilitate invasion by degrading host proteins at the site of infection, their precise role in virulence is not as clear-cut [4] [5] [6] [7] . Similarly, the secretion of phospholipases has been implicated in cell adhesion and penetration [8] . In addition, it is known that lipases are involved in the nutrition of C. albicans, as well as adhesion to host cells [9] . Given the interrelationship of the functions of different virulence factors (i.e., to facilitate adherence to and penetration of host tissues), our first objective was to determine the number of virulence factors expressed in vitro by clinical C. albicans strains from a tertiary hospital in South Africa and to determine if there is a correlation among the in vitro expression of these different virulence factors. In addition, given the wide range of anatomical niches in which C. albicans can grow and the differing microenviroments at these sites, our second aim was to determine if there is a correlation in the levels of virulence factors expressed by a strain and the anatomical site from which it was isolated. Finally, we examined the overall virulence of strains expressing different levels of these virulence factors in vitro using a chorioallantoic membrane (CAM) chicken embryo model of infection.
Materials and methods

Strains used
One hundred and fifty-two C. albicans isolates, originally recovered during 2010 from different types of clinical samples (i.e., blood, catheter, feces, pus, sputum, swab from abscess, tissue specimen, tracheal aspirate, urine, and vagina) of patients in the Universitas Academic Hospital, Bloemfontein, South Africa, were obtained from the Department of Medical Microbiology of the University of the Free State, Bloemfontein, South Africa. All strains were stored in liquid nitrogen for at least 1 year, revived as needed, and then maintained on yeast malt extract (YME) agar slants (10 g/l glucose, 5 g/l peptone, 3 g/l yeast extract, 3 g/l malt extract) and stored at 4
• C. The identity of the isolates was confirmed using colony color characteristics of CHROMagar Candida (CHROMagar, France) [10] , as well as HWP1 sequencing, using primer pair CR-f/CR-r as described by Romeo and Criseo [11] .
Hydrolytic enzyme production assays
To conduct all the hydrolytic enzyme assays, a loop full of cells was grown in yeast nitrogen base (YNB) broth (10 g/l glucose, 6.7 g/l YNB) for 24 h at 37
• C. Cells were washed with sterile phosphate buffered saline (PBS), counted with a hemocytometer, and diluted to 1 × 10 6 cells/ml. Lipase activity was measured using tributyrate agar [12] , phospholipase activity with egg yolk agar [13] , and proteinase activity using bovine serum albumin agar [14] . A volume of 100 µL of the standardized cell suspension was carefully spotted onto plates, the latter incubated at 37 • C; the clearance/precipitation zones were observed until they reached a maximum diameter. The Pz value (i.e., diameter of the colony divided by diameter of the colony-plus-zone) was determined [13] , with a Pz value of 1 indicating no enzyme activity and that of <1 suggesting some degree of activity. All assays were performed in triplicate on separate occasions.
Cell surface hydrophobicity assay
For each strain, a loop full of cells was grown in YNB broth for 48 h at 37
• C and the culture diluted in PBS to an optical density at 520 nm (OD 520nm ) of 0.1. In addition, 5 ml of suspension was added to two glass test tubes, representing the test and the control. One milliliter of xylene was added to each suspension; the test tubes were placed in a water bath at 37
• C for 10 min to equilibrate, vortexed for 30 s, and then returned to the water bath for 30 min to allow the xylene and aqueous phases to separate. The aqueous phases of the samples were removed and transferred to a clean test tube. Any traces of contaminating xylene were removed by bubbling air through the suspension. The samples were vortexed for 5 s to disrupt any aggregates, and the absorbance was measured at 520 nm. Cell surface hydrophobicity (CSH) was expressed as the percentage reduction in optical density of the test suspension compared with that of the control. The greater the change in absorbance, the more hydrophobic the yeast strain [15] . All assays were performed in triplicate on separate occasions.
Quantitative agar invasiveness assay
The method described by Zupan and Raspor [16] was used to determine the relative invasiveness (RI) of all the strains. Every strain was inoculated onto a YME agar plate in a hexagonal form with a central colony (i.e., seven colonies per plate) and incubated for 4 days at 37
• C. Gray-scale images were generated using a Gel Doc XRS gel documentation system (Biorad, USA). Colonies were then washed with a gentle stream of water and images generated again. A square of white paper (1 cm 2 ) was used to normalize the images. The total prewash colony volume (V T ) and the colony volume after washing (V I ; both corrected by subtracting the local background intensity) were determined using Quantity One software, version 4.5.0. A standard curve was constructed using milk containing 3.5% fat. All data were normalized as described and the colony volumes calculated using the standard curve. The RI of each strain was calculated using the equation RI = V I / V T × 100. This was done in triplicate on separate occasion.
Coding and selection of C. albicans strains for inoculation into embryonated chicken eggs
Each strain received a code depending on the average in vitro level of expression of the different virulence factors. If the level was considered high (Pz value ≤ 0.59; RI between 0.61 and 1.00; CSH > 20%), a 3 was assigned to the strain; if moderate (Pz value between 0.60 and 0.79; RI between 0.31 and 0.60; CSH between 10.00% and 19.99%), a 2 was given; and if the level was low (Pz value between 0.80 and 1.00; RI between 0.00 and 0.30; CSH between 0.00% and 9.99%), a 1 was assigned to the isolate (Supplementary  Table S1 ). This allowed the selection of strains for use in the embryonated chicken eggs as indicated in Table 1 .
Infection of embryonated eggs
The C. albicans strains selected for infection were subcultured on yeast extract peptone dextrose (YPD) agar plates (10 g/l yeast extract, 20 g/l peptone, 20 g/l glucose) for 24 h at 30
• C, then transferred into 5 ml YPD broth and incubated for 16 h on a 37
• C shaker. On the day of infection, the cells were harvested by centrifugation at 4000× g for 5 min at 4
• C, washed twice with sterile ice-cold PBS, and then resuspended in sterile ice-cold PBS to be counted with a hemocytometer in order to established a solution diluted to 1 × 10 5 cells/ml in PBS. Embryonated chicken eggs were incubated at 37
• C for 9 days at the Agricultural Research Council facilities at Glen, Bloemfontein, from which they were obtained for infection on day 10 of development.
Prior to infection, viability of the embryo was assessed by candling. The survival experiment was done according to the procedures described by Jacobsen and coworkers [17] . Briefly, at least 18 eggs were infected per strain via the CAM, and survival was monitored for up to 8 days by candling. Experiments were terminated on day 18 of development by chilling the eggs on ice. Experiments were done in duplicate, with PBS included as a negative control. All experiments were performed in compliance with animal protection laws, which indicate that no specific approval is needed for work performed in avian embryos before the time of hatching.
Statistical analyses
For all in vitro assays, the arithmetic mean (average) and standard deviation were calculated. In addition, analyses of variance were performed on strains obtained from catheters, feces, sputum, tracheal aspirate, urine, and vagina. Pearson correlation analysis was performed on data to determine possible relationships between the measurements from different assays in all of the strains [18] . For the embryonated eggs, survival data were plotted as KaplanMeyer curves and statistically analyzed by log-rank test.
Results
In vitro production of hydrolytic enzymes
Although most of the strains (49.3%; 75/152) displayed high protease activity, a significant number (32.9%; 50/152) were considered low protease producers, with 25.7% (39/152) not forming any detectable protease (Pz = 1.00; Table 2 ). Similarly, the majority of strains displayed high to medium phospholipase activity, with only 13.2% (20/152) of strains displaying low phospholipase activity, including 3.3% (5/152) that did not produce any detectable phospholipase activity (Pz = 1.00). Interestingly, although most of the strains were high protease and phospholipase producers, only 15.8% (24/152) of the strains displayed high lipase activity. In contrast, the majority displayed medium lipase activity, while 23.7% (36/152) were Significance level P = 0.3869 P = 0.2974 P = 0.3190 P = 0.3984 P = 0.9982 CSH, cell surface hydrophobicity; Pz value, diameter of the colony divided by diameter of the colony-plus-zone; RI, relative invasiveness. samples had the highest RI values (0.75 ± 0.10), but as can be seen from the analysis of variance, in all cases, no significant correlation was observed (P > 0.05).
Virulence of selected strains in embryonated eggs
Initial experiments with all tested strains indicated that higher infectious doses (i.e., 1 × 10 6 cell/ml) resulted in 100% mortality within 3 days of inoculation of the eggs, indicating that such high doses do not provide sufficient resolution to observe virulence differences among the strains. As a result, a lower dose of 1 × 10 5 cells/mL was used [17] in these studies. Even so, when the survival data of the infected eggs were analyzed using the log-rank test, no significant difference in virulence was noted in most of the C. albicans strains tested, despite the different levels of virulence factors produced in vitro by the selected strains (Fig. 1) 
Discussion
Seneviratne and coworkers [19] indicated the importance of obtaining local data regarding the virulence attributes of C. albicans strains in order to provide appropriate care for patients and to get a better understanding of the role of geography in the possible evolution of the pathogenic potential of the species. This study aimed to address the possible function of geography, by determining the pathogenic potential of South African C. albicans strains using in vitro assays of known virulence factors, and to evaluate relationships among these in vitro virulence factors, isolation sites, as well as expression of virulence in an infection model. Although variation in the production of hydrolytic enzymes was observed among the test isolates, indicating phenotypic variety among the strains, most were able to produce in vitro high levels of protease and phospholipase and medium levels of lipase. Using the quantitative agar invasion assay, most strains were also considered to be highly invasive. Interestingly, only one strain (Ho 224) expressed all the assayed in vitro virulence factors at high levels. Although Abegg and colleagues [20] found a positive correlation between production of protease and phospholipase, other authors could not find a correlation between the production of phospholipase and other virulence factors, such as germ tube formation, CSH, adhesion to buccal cells, and hemolysis [15] or could only find a correlation between phospholipase and germ tube formation initially collected from oral specimens [21] . In the present study, we found no relationship between virulence factors produced in vitro under the specific conditions, except for a weak negative correlation between protease activity and RI, as well as protease activity and CSH. The correlation between protease activity and CSH is interesting, since it is known that the CSH of C. albicans is due to cell surface proteins [22] . Although the precise interaction of native proteases with these proteins is not known, it is tempting to speculate that the proteases play a role in the inhibition of the activity of these proteins. Several authors examined the influence of anatomical site or clinical sample on virulence factors. Vidotto and coworkers [21] found that strains obtained from the oral cavity produced more phospholipase in vitro compared with those obtained from the digestive and respiratory tracts. Similarly, Oksuz and colleagues [23] found that phospholipase activity was higher in oral and fecal strains, while the protease activity was higher in urogenital and skin isolates. It was also found that blood isolates produced higher levels of phospholipase than wound or urine strains [24] and lower levels of proteinases than respiratory strains [25] . However, our results indicated no clear, statistically significant correlations, although some trends were evident.
The question arises whether in vitro analyses can reliably be used to predict virulence in an infection model.
Although the host's immune response plays an important role in in vivo infection models as well as in patients, there are indications that expression of certain virulence traits, such as phospholipase and protease, in vitro can be correlated to pathogenicity in vivo [26, 27] . Ibrahim and colleagues [28] found that blood isolates obtained from patients with candidemia produced more phospholipase in vitro and had higher germination levels with longer germ tubes than commensal strains. They also found that in vitro extracellular phospholipase levels could be correlated with mortality in a murine model of infection. In contrast, KogaIto and coworkers [29] found no difference between in vitro phospholipase production by strains isolated from patients with oral candidosis and commensal strains but did find an increase in in vitro protease production in the strains obtained from patients with candidiasis.
Indications also exist that the ability of a yeast to invade agar can be correlated with virulence in vivo. It is known that C. albicans requires the Ras-like GTPase, Rsr1, for hyphal guidance and full virulence in a murine model [30] . Strains lacking Rsr1 or Bud2 (the GTPase-activating protein) also lack the ability to invade agar. Although the present study describes the first time a collection of C. albicans strains has been screened using the quantitative agar invasion assay, Zupan and Raspor [16] showed that results relating to the relative invasiveness of Saccharomyces cerevisiae strains correlated well with their virulence in humans (i.e., clinical strains were more invasive than environmental strains). In addition, they found that the degree of agar invasiveness increased under conditions that mimic conditions in vivo, such as higher temperature (37 • C-39
• C) and glucose depletion [31] . Although it is undoubtedly true that in vitro results will not always accurately reflect the virulence in vivo, due to the interplay between pathogen and host, it does provide a measure of virulence potential and phenotypic variation, which may be useful in future studies [19] . The CAM model for the assay of virulence of pathogenic fungi was described in 1939 [17] and has been used to characterize the virulence of certain C. albicans strains and deletion mutants [17, [31] [32] [33] [34] [35] and the effect of antifungal drugs [35] . It is known that contact with the CAM elicits the production of phospholipase A and lysophospholipase by yeast and hyphae of C. albicans [32] . Pugh and Cawson [32] found that yeast cells that produce high levels of phospholipase underwent autolysis and made it possible for hyphae to penetrate the tissue. High phospholipase activity was also present at the hyphal tip. It was also found that C. albicans strains, which are capable of producing high levels of protease in vitro, could secrete protease in ovo and damage and invade the CAM, whereas proteasedeficient strains, which did not secrete any protease in ovo, were unable to damage the membrane and thus remained on the CAM surface [33, 34] . However, the mortality rate of the embryos did not correlate with the level of protease production by the strains [34] . Contradictory results regarding the importance of protease as a virulence factor in the CAM model were provided by Gow and coworkers [35] , who demonstrated that secretory aspartyl protease (Sap) mutants with attenuated virulence in murine models were virulent in the CAM model. This was confirmed by Jacobsen and colleagues [17] , who indicated that sap4-6 mutants were fully virulent in ovo, although attenuated in murine models. However, deletions of SAP1-3 caused significant attenuation of virulence in ovo as well as in murine models. This indicates that other factors may contribute to virulence in the CAM model. In this regard, Gow and coworkers [35] found that the ability of C. albicans strains to produce hyphae was important for penetration of the CAM, since strains with mutations in both EFG1 and CPH1 could not form hyphae on the CAM or penetrate it. Jacobsen and colleagues confirmed the attenuated virulence due to deletion of both genes [17] . Jacobsen and colleagues also found that deletion of other genes involved in hyphae formation led to reduced virulence in ovo, similar to murine models of infection. Several infection models, including the CAM model, were also used to study the role of HSP21, a gene that contributes to hyphal formation and agar invasion, in C. albicans virulence. hsp21 mutants, which were impaired in in vitro invasive growth, were significantly less virulent in ovo and in a murine model and could not damage human-derived epithelial cells [36] . When we determined the overall virulence of selected strains in the CAM model, some differences in virulence were observed; two strains (both obtained from sputum) that caused high mortality soon after infection were the most virulent. However, there was no indication that the differences in in vitro virulence factors were correlated with virulence. It is possible that virulence factors not considered in our study play a role in virulence in this infection model and that the assays performed are not adequate to predict virulence in the host [37] . However, as stated above, some authors did find correlations between certain in vitro characteristics and virulence in the CAM model [33, 34, 36] . In addition, Jacobsen and coworkers [17] indicated that the immune system of the embryo plays an important role in protecting it from C. albicans infection and the ability of strains with different virulence levels in the CAM model to overcome the immune system should also be studied.
